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The resonant enhancement of mechanical and optical interaction in optomechanical cavities en-
ables their use as extremely sensitive displacement and force detectors. In this work we demonstrate
a hybrid magnetometer that exploits the coupling between the resonant excitation of spin waves in
a ferromagnetic insulator and the resonant excitation of the breathing mechanical modes of a glass
microsphere deposited on top. The interaction is mediated by magnetostriction in the ferromagnetic
material and the consequent mechanical driving of the microsphere. The magnetometer response
thus relies on the spectral overlap between the ferromagnetic resonance and the mechanical modes
of the sphere, leading to a peak sensitivity of 850 pT Hz−1/2 at 206 MHz when the overlap is maxi-
mized. By externally tuning the ferromagnetic resonance frequency with a static magnetic field we
demonstrate sensitivity values at resonance around a few nT Hz−1/2 up to the GHz range. Our
results show that our hybrid system can be used to build a high-speed sensor of oscillating magnetic
fields.
Cavity optomechanics (OM) focuses on the low-energy
interaction between photons and micro and nanomechan-
ical systems embedded in an optical cavity with main ap-
plications as high performance detectors and as interfaces
for quantum information processing [1–5]. OM cavities
enable ultra-sensitive optical transduction of mechanical
motion in km-scale systems such as LIGO [2] down to
nano-scale quantum resonators [3]. Stimuli read-out ex-
periments based on such platforms have already reached
the state-of-the-art for force sensors [4] and accelerome-
ters [5]. In addition, the interaction of mechanical ele-
ments with magnetic fields also makes OM devices high
performance magnetometers, i.e, room temperature OM
magnetometer (OMM) of small size [6, 7], high sensitivity
[8] and large dynamic range [9]. The ability to measure
small magnetic fields over a broad frequency range is im-
portant for numerous applications playing a key role in
areas such as geology [10], space exploration [11], biology
[12] and medical imaging [13].
In this Letter, we report a mechanical and magnetic
hybrid resonator based on a thin film of magnetic insu-
lator yttrium iron garnet (YIG) coupled to a glass mi-
crosphere optical cavity. We show that the combined
coupling of optical whispering gallery modes (WGM)
to mechanical breathing modes in the microsphere and
the presence of a ferromagnetic resonance (FMR) in the
YIG film enables a sensitive RF magnetic-field detector.
When the magnetic field frequency is able to excite the
YIG FMR and further coincides with a mechanical mode
of the sphere, the detection sensitivity is maximized. The
basic transduction principle involves the conversion of an
RF magnetic field, that resonantly excites magnons, into
mechanical vibrations via magnetostriction in the YIG
film [14–17]. Although the frequencies of the FMR mode
and mechanical breathing mode in the microsphere may
differ, the FMR frequency can be tuned by a static mag-
netic field until both resonances are aligned, hence giv-
ing rise to a modulation of the microsphere WGM due
to the OM interaction. We show that, by following that
procedure, it is possible to maximize the peak sensitiv-
ity at the mechanical mode frequencies. This allows the
magnetometer to operate in multiple windows where me-
chanical modes are found, from 50 MHz to 1.1GHz. The
sensitivities obtained for those frequencies are in the nT
Hz −1/2 range. We attain a maximum sensitivity of∼ 850
pT Hz−1/2 at 206 MHz operating at room temperature.
An illustration of the main part of the hybrid system is
shown in Fig. 1a. It consists of a 0.5×0.5 mm2 and 1 µm
thick film of YIG grown over a Gadolinium Garnet sub-
strate. Glass microspheres of Barium-Titanium-Silicate
(BTS) with a diameter between 40 µm and 70 µm [18, 19]
were deposited on the YIG thin film. These microspheres
are used as high-quality OM cavities supporting both op-
tical WGM and mechanical breathing modes with large
OM coupling (G) values, defined as the optical frequency
shift by a unit mechanical displacement [20]. A schematic
picture of the OMM principle is shown in Fig. 1b. The
sensor can be modeled as a Fabry-Perot optical interfer-
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2ometer in which one of the mirrors responds mechani-
cally to an applied magnetic field. This response is due
to magnetostriction in the bulk of the material, i.e, the
generation of an oscillating stress when a magnetic field is
applied. This stress acts as a source force for mechanical
motion of the mirror, greatly amplified when the initial
drive is resonant with a mechanical eigenfrequency.
In Fig. 1b, we also illustrate that the two main
forces actuating the mechanical modes are the thermal
Langevin force (Fth), and the one associated with the
RF magnetic field (Fmag). These forces cause a variation
of the cavity length, x, shifting the optical resonance by
δωoptical = Gx.
The experimental setup is shown in Fig. 1c. An in-
frared tunable laser source is used to couple light into the
WGM of the microsphere using a micro-looped tapered
fiber placed close enough to ensure an overlap between
the evanescent field of the fiber fundamental mode and
the WGM. The mechanical motion is detected by mea-
suring the RF modulation of the transmitted light, which
is collected and sent to a photo-detector with an opera-
tional bandwidth of 12 GHz. The output signal can be
analyzed by a spectrum analyzer (SA) and a vector net-
work analyzer (VNA). The latter is also used to inject RF
signals into a shorted end microstrip waveguide (MSW),
which we use to generate RF magnetic fields (see Fig.
1c, and Supplementary Information), and to character-
ize the FMR modes of the YIG film. A static magnetic
field BDC is generated by two coils connected to a current
source. All experiments were carried out under ambient
conditions of temperature and pressure.
In Fig. 1d we show the typical optical transmission
spectrum from a microsphere of about 40 µm in diameter
with multiple WGMs resonances. The mode used here
near 1509 nm has a quality factor of 108 and couples
to several mechanical radial breathing modes (Fig. 1e),
at 109, 206, 292, 338, and 465 MHz. The displacement
profiles of the first three modes obtained using COMSOL
Multiphysics software are shown in Fig. 1e (inset). Due
to the disadvantageous refractive index contrast between
the YIG film (n = 2.19) and the BTS microsphere sphere
(n = 1.9), we use an intermediate 100 nm thick layer of
Polymethyl methacrylate (PMMA), which has a smaller
refractive index (n = 1.49), to preserve the high Q-factors
of the optical modes.
The method used to excite and measure uniform
magnon modes, from MHz to GHz range, in the YIG
film, is the broadband FMR method. The MSW cre-
ates a RF field perpendicular to BDC that excites the
precessional motion of the magnetization around BDC .
When the excitation frequency matches the FMR con-
dition, energy is absorbed. Consequently, a dip is ob-
served in the reflection spectrum (S11). With the mag-
netic field generated in our set up (BDC ≤ 10 mT), the
FMR frequency can be tuned from 0.2 to 1 GHz (see
Fig. 1f). In the case of a thin film with a static mag-
netic field applied in-plane and the RF field perpendic-
ular to the direction of magnetization M, the resonance
frequency is ω0 ≡ γ
√
Bint(Bint + µM), with the internal
field Bint = Ban+BDC , Ban being the anisotropy field
and γ the gyromagnetic ratio (See Supplementary Infor-
mation). We note that the linewidth of the FMR mode
(Fig. 1f) decreases as a function of BDC from about 46
MHz to 24 MHz (at 2.5 mT). At low BDC values, the
magnetization is not uniform, leading to inhomogeneous
spectral broadening of the resonance.
The spectral response of the system to an applied mag-
netic excitation at a calibration frequency, ωcal, is shown
in Fig. 2a. In Fig. 2b, we plot a zoom area with and
without excitation. The thermal spectrum (black line)
shows a double-peak response between 205 and 210 MHz.
When the system is excited at a calibration frequency
ωcal = 206 MHz, with an RF power level of -10 dBm (2.3
µT ), a sharp peak emerges (red line). Such a peak dis-
appears when the sphere is lifted from the YIG and the
mechanical contact is lost, which demonstrates the me-
chanical origin of the signal. The force induced by vibra-
tions in the YIG modifies the mechanical spectrum of the
microsphere with a corresponding Signal-to-Noise-Ratio
(SNR) of 8 dB. As shown in Fig. 2c, we observe a linear
dependence of square root of SNR at ωcal on the applied
RF magnetic field magnitude (B). Here B is estimated
using the characteristic impedance of the of circuit and
the applied RF power (see Supplementary Information).
The B sensitivity (Bmin) is given by the field strength
at which the spectral peak height is equal to the noise
(SNR=1) for a 1 Hz measurement resolution bandwidth
(RBW) [21]. The corresponding magnetic field at ωcal
is Bmin(ωcal) = 0.5 µT for RBW = 30 kHz. Then, the
sensitivity at ωcal is given by δBmin(ωcal) =
Bmin(ωcal)√
RBW
∼
3 nT Hz−1/2. The dynamic response of the sensor, N(ω),
over a wide frequency range is obtained by varying the
input frequency from port 1 of the VNA and by looking
at S21, where port 2 is directly connected to the detector.
As shown in Fig. 2d, we observe a peak in signal N(ω)
wherever ω is resonant with a mechanical mode (labelled
in Fig. 2d from I to IV) with a high OM coupling (see
Fig. 1e). Due to the enhanced noise rejection of the
VNA, we can detect modes at 374 MHz and 456 MHz
that in the thermally activated spectrum (Fig. 2c) were
below the noise level. By following a similar procedure
as in Ref.[6], the frequency dependence of the sensitivity
δBmin(ω) is obtained by combining the spectral calibra-
tion at a single frequency ωcal, the noise power spectrum
in absence of a magnetic field S(ω), and N(ω) on the
mechanical modes.
δBmin(ω) =
√
S(ω)N(ωcal)
N(ω)S(ωcal)
δBmin(ωcal) (1)
Fig. 2e plots the sensitivity within the frequency range
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FIG. 1: (a) Schematic representation of the magnetometer, including a microstrip waveguide, a ferromagnetic YIG film and
a barium-titanium-silicate microsphere. (b) Conceptual schematic of the device. The optomechanical system is modeled as a
Fabry-Pe´rot cavity with a moving mirror. Fth and Fmag denote the thermal force and the magnetostrictive forces, respectively.
(c) A simplified schematic of the full experimental setup. A tapered fiber is used to probe the optical modes of the microsphere.
TE polarization is set with a fiber polarization controller (FPC) and the transmitted signal is sent to a fast photodetector. Two
electromagnetic coils are used to generate static magnetic fields that tune ferromagnetic resonance modes on the YIG film. (d)
Optical whispering gallery modes spectrum measured on the microsphere. The inset shows a schematic of the coupling scheme
between the tapered and the sphere and a simulation of the optical WGMs. (e) Mechanical mode spectrum of the microsphere.
Only thermally driven motion is observed corresponding to radial breathing modes. The inset shows the displacement profile
of the first three modes. (f) FMR resonances of the YIG film applying different static magnetic fields measured by detecting
the reflected signal Re(S11).
associated to the first five mechanical modes of the micro-
sphere observed in Fig. 1c. The lowest sensitivity value
obtained is ∼ 850 pT Hz−1/2 close to the mechanical
mode at 206 MHz. This particular mode presents a large
overlap with the optical WGM, since its displacement
field profile is concentrated along the edge of the sphere
(see Fig. 1a and 1e). It is also worth noting that the
frequency of the mode is still several tens of MHz away
from the center of the FMR resonance (see Fig. 2d) so
that the reported value of minimum sensitivity could be
improved by fine tuning the FMR position. The sensi-
tivity remains around 1 nT Hz−1/2 within the linewidth
of the mechanical resonances (about 10 MHz), for five
mechanical modes.
In Fig. 3a, we report the system response N(ω) as a
function of frequency for different values of BDC . We
use a second sphere with a similar radius, mechanical
spectrum and optical quality factors. As evidenced by
the FMR spectra in Fig. 3a (grey curves), the FMR fre-
quency increases increasingBDC , and shifts the magneto-
moeter spectral response N(ω) (red curves). In addition,
this shift is acompanied by a spectral narrowing of the
OMM bandwith, clearly following a spectral narrowing of
the FMR dip (Fig. 1f). This behavior confirms that the
magnetic signal appears only where the linewidth of the
FMR resonance overlaps with the mechanical resonances
of the microsphere. It also evidences the presence of me-
chanical modes that are hidden below the noise level of
the SA. In Fig. 3b we obtain the peak sensitivity for
the different measured positions of the FMR mode. We
note that the OMM detects magnetic fields even above
an operational frequency of 1 GHz (see Supplementary
Information). The measured sensitivities are comparable
with the one reported in Fig. 3d (∼ 1 nT Hz−1/2). This
value of the operational frequency is a lower bound lim-
ited by the minimum BDC reachable in our experimental
set up.
As noted above, the FMR resonances obtained are
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FIG. 2: (a) Spectral response of the magnetometer S(ω) mea-
sured with a spectrum analyzer. (b) Mechanical spectrum of
the microsphere excited by applying an RF magnetic field of
2.3 µT at 206 MHz, in red. The black curve corresponds to
the mechanical mode without excitation. (c) Square root of
signal to noise ratio (SNR) of the system as a function of the
applied RF magnetic field. (d) System response N(ω) as a
function of the frequency of the RF field. The FMR is shown
(inverted) on the back of the graph to illustrate the mechan-
ical modes affected by the resonant effect. (e) Magnetic field
sensitivity δBmin(ω) as a function of frequency defined where
there is overlapped with mechanical modes. Five excited me-
chanical modes (labelled from I to V) allow to calculate the
sensitivity in a frequency window of ∼ 10 MHz around the
frequencies of the mechanical resonances. A peak sensitivity
of δBmin(ω) ∼ 850 pT Hz−1/2 is achieved.
rather broad given that the electromagnets were placed
several centimetres away from the sample, resulting in a
not fully uniform BDC . The linewidths of the FMR res-
onances shown in Fig. 2c are a factor of two larger than
the one shown in Fig. 1f, which were obtained measur-
ing the YIG film in a set up with a highly homogeneous
BDC . The origin of this broadening is due to the excita-
tion of non-uniform modes and low-field losses [22, 23].
On the positive hand, under these conditions, the opera-
tional frequency range is increased and several mechan-
ical modes can be covered without changing BDC . On
N
(ω
) 
(d
B
)
FIG. 3: (a) System response for different FMR modes excited
on the YIG film. Gray curves show magnon resonances for
different values of static magnetic field. (b) Peak magnetic
field sensitivity obtained by moving the FMR mode.
the other hand, a much improved sensitivity could be at-
tained with a narrower and deeper FMR resonant with a
mechanical mode.
A further evidence that the mechanical modes of the
spheres are excited by mechanical vibrations within the
YIG layer generated by magnetostriction is given by ad-
ditional experiments performed with a high-frequency
Doppler Vibrometer. This setup implements an optical
technique for non-contact measurements of displacement
in the vertical direction with picometer accuracy. We use
this technique to measure the YIG surface displacement
without the microsphere. The measured displacement as
a function of frequency results in non zero amplitudes
only in a frequency range that is coincident with a given
FMR (See the Supplementary Information). The defor-
mation spatial profile is in phase throughout the YIG
layer surface, i.e., there is a spatially homogenous out-of-
plane displacement. We cannot rule out the excitation of
phonon modes with in-plane deformation within the YIG
layer, but those are not playing an active role activating
the mechanical modes of the sphere, which is also verified
with Finite Element Method (FEM) simulations.
The field sensitivity presented in Fig. 2e, is similar
to the best sensitivity obtained in previous cavity OMM
studies [6–9]. In those references, a magnetostrictive ma-
terial (Terfenol-D) was used due to its high magnetostric-
tive coefficient [24]. Despite the fact that single crystal
YIG was found to be around a factor of two less mag-
netostrictive than Terfenol-D [25], the high performance
of the OMM reported here is due to the use of YIG to
5display a high quality FMR and a high Q glass resonator.
Compared with room temperature devices like dia-
mond NV-centers magnetometers, the device reported
here shows a factor of two smaller peak sensitivity than
the sub-pico Tesla NV magnetometer reported in Refs.
[26, 27], with the advantage of having a fiber-based op-
tical detection. The sensitivity values reported here out-
perform electrical Lorentz-Force magnetometers [28] of
comparable size by three orders of magnitude. SQUID
magnetometry can detect magnetic fields that are five
orders of magnitude smaller than our scheme [29, 30],
reaching sensitivities of 1 fT Hz−1/2 at ∼ 100 Hz, but it
requires cryogenic environments to operate.
In summary, we have demonstrated a hybrid system
composed of a magnetic resonator coupled by mechanical
interaction to a whispering gallery mode optomechanical
cavity to detect weak oscillating magnetic fields. A peak
magnetic field sensitivity of ∼ 850 pT Hz−1/2 is achieved
by exciting a mechanical mode at 206 MHz. This value
can be further improved by optimizing the overlap be-
tween the FMR resonance and the mechanical resonance
of the optomechanical cavity. Besides the excellent fig-
ures of merit, the tuneability of the frequency response
up to 1 GHz, room temperature operation and simplicity
in fabrication offer the opportunity of designing a high-
performance magnetometer. Large bandwidths are nec-
essary for applications such as high-speed detection, me-
chanical signal processing and for high-resolution imag-
ing methods [11]. In this regard, the frequency response
of our device could be further extended to higher fre-
quencies by increasing the static magnetic field. The
magnetometer’s sensitivity can be further improved fol-
lowing different strategies. For example, measuring at
low temperatures or high vacuum conditions would result
in better sensitivity values, since the sensitivity behaves
as δBmin(ω) ∼
√
TQm. Moreover, using a harder mate-
rial than PMMA would reduce the mechanical impedance
mismatch between PMMA and YIG, avoiding mechani-
cal energy to be dissipated at the interface before reach-
ing the sphere. In addition to the technological possi-
bilities of designing a new magnetometer our hybrid de-
vice also opens a path towards studying phenomena re-
lated to phonon-magnon coupling. Currently, magnons
are gathering increasing attention in spintronics exper-
iments (e.g. magnonics [34] and spin caloritronics ar-
eas [35–37]) as means of processing spin information and
managing heat in nanoscale structures. Even though
its superior properties make YIG a common choice for
spintronic applications, the underlying physical mecha-
nisms involved in phonon-magnon coupling are only an-
alyzed by controlling the magnonic system. In contrast,
our hybrid-resonator can be used as a novel approach to
study phonon-magnon coupling, controlling the phonon
contribution using optical techniques.
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